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ABSTRACT: In this work, the optimization of the synthesis of PAN/Ag nanofiber composites  

via electrospinning was investigated via Taguchi's experimental design approach. The adsorption 

capacity of sulfur compounds from natural gas condensate was considered an objective function. 

The PAN/Ag nanofiber with 11 wt% PAN, 45 wt% AgNO3, 15 kV applied voltage, and 15 cm  

for a distance of a needle to a collector showed the highest adsorption capacity. The SEM, EDX, 

TEM, XRD, and FT-IR techniques were employed to elucidate the optimized PAN/Ag nanofiber 

structure. The results showed the successful synthesis of PAN/Ag nanofibers with diameters in 100-300 nm 

range and well distribution of Ag nanoparticles in the polymeric matrix. In addition, optimization  

of the adsorption capacity of PAN/Ag nanofiber in desulfurization of natural gas condensate in batch 

mode was performed via central composite design. Four factors including adsorbent weight, sulfur 

concentration in the natural gas condensate, the volume of the sample, and the adsorption time  

were considered effective factors each in three levels. The ANOVA analysis showed the more 

important factor in adsorbent performance is the concentration of sulfur in gas condensate  

and the weight of the adsorbent. The interaction terms between time and concentration and between 

volume and concentration are also important in response. Moreover, the response surface analysis 

of interaction terms showed the adsorptive nature of desulfurization. 
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INTRODUCTION 

Organic sulfur compounds are the main pollutant of 

natural gas condensates. These compounds are considered  

 

 

 

as a primary source of air pollution because their burning 

products are caused by acid rain. Moreover, the corrosion  
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nature of sulfur compounds causes destructive effects  

on downside equipment. In addition, the utility of sulfur-

containing fuels in catalytic processes is also limited due 

to the poisonous nature of sulfur on heterogeneous 

catalysts; thus, the desulfurization of diesel and gasoline 

fuels, as well as gas condensates, has attracted the attention 

of many researchers [1].   

To date, many desulfurization approaches have been 

reported. Among them, hydrodesulfurization (HDS)  

is the most widely used technology for the desulfurization 

of diesel fuel, which is highly effective for removing aliphatic 

and acyclic sulfur compounds (thiols, sulfides, and 

disulfides). In this process, hydrogen gas is used to remove 

sulfur compounds which yield hydrocarbons and H2S.  

Due to a large amount of hydrogen consumption, high 

operational temperatures (> 300 °C), high pressures (3–10 MPa), 

and larger reactor volumes, several alternate desulfurization 

processes have been employed [2]. These approaches 

involve adsorption [3], extraction [4], oxidative 

desulfurization (ODS) [5], and biodesulfurization [6,7]. 

Compared to other technologies, the adsorptive removal  

of sulfur compounds is one of the promising approaches 

due to its easy operation conditions and its capability  

to remove sulfur at very low levels.  

The adsorption technique has been regarded as a 

promising method for not only sulfur compound adsorption 

but also for a variable number of other compounds including 

dyes, pharmaceuticals, etc [8–10]. In this process, normally  

a porous and functionalized surface, known as an adsorbent, 

is used to remove impurities and pollutants (adsorbate) [11]. 

The efficiency of the whole process is determined by the 

interaction between adsorbent and adsorbent. Accordingly, 

the adsorption process is categorized into physical 

adsorption and chemical adsorption [12,13]. In order to 

reach the maximum performance of the adsorption 

process, it is important to investigate parameters, 

including time, initial concentration, and adsorbent 

dosage [14,15]. Common materials for the adsorptive 

removal of sulfur are zeolites, activated carbon,  

and alumina, which are porous materials and perform 

desulfurization mainly via physisorption. The modification  

of these adsorbents by transition metal ions results  

in reactive adsorption via σ–π bonds between metal ions 

and adsorbates and further enhanced their performance [16,17]. 

Optimization of sulfur adsorption over Ag-zeolite nano 

adsorbent has been reported by Bakhtiari et al [18]. They 

reached a thiophene adsorption efficiency close to  

50 ppm, at 83 ˚C for adsorption temperature, 5.53 %  

for metal percent, and 436 ˚C for calcination temperature. 

In other work, the combination of electrochemical oxidation 

and solvent extraction was proposed to reduce the sulfur 

content in condensate gasoline. The sulfur content decreased 

from 3478.4 μg/g to 13.1 μg/g and the desulfurization 

efficiency reached 99.62% [19]. In another study,  

the desulfurization of liquid-fuel was done by FeCl3-based 

deep eutectic solvents and optimized by central composite 

design [20]. Other research revealed that the Cu(I)Y zeolite, 

CuCl/MCM-41 are the most promising sorbents for natural 

gas desulfurization [21]. Studies which carried out  

by Behl et al. [22] revealed that Zn–Ti–O-based adsorbents 

with nanofibrous morphology can sustain their initial 

reactivity and sulfur removal capacity over multiple 

regeneration cycles. 

Recently, it has been reported that the polystyrene 

nanofibrous membrane, prepared by electrospinning,  

and loaded with Ag+ cations has the ability to be employed 

for deep desulfurization [23]. Electrospinning is a fascinating 

approach to the synthesis of nano-to-micro range fibers 

with well-defined diameters and morphologies [24].  

In another work, Desulfurization of gasoline was done  

by using acrylonitrile electro-spun nanofibers and lead 

nanoparticles [25]. Due to the lack of studies in this area, 

the preparation conditions of polyacrylonitrile/Ag 

nanoparticles nanofibers via the Taguchi experimental 

design approach and the optimized nanofiber that was used 

for desulfurization of the natural gas condensate were 

investigated. In-situ reduction of Ag+ ions by 

dimethylformamide as a solvent was used to prepare 

PAN-doped Ag nanoparticles. The results revealed the 

superior adsorption capacity of the synthesized nanofibers 

compared to the previously reported absorbents. 

Moreover, some characterization experiments were 

conducted to represent the structure of synthesized 

nanofibers and possible sulfur adsorption mechanisms.  

 

EXPERIMENTAL SECTION 

Materials 

The PAN powder (150000 g/mol), dimethylformamide 

(DMF, 73.09 g/mol), AgNO3 (the average size of silver 

nanoparticles is 20 – 80 nm), and all other materials  

were received from Aldrich and were used without further 

purification. 
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PAN/Ag nanofibers fabrication 

PAN solution with different weight percentages  

was prepared by dissolving the appropriate amounts of 

PAN powder in DMF solvent under 2 h stirring, based on Eq. (1).  

 
PAN(g)

PAN(g) DMF(g)

m
PAN wt.% 100

m m
 


                 (1) 

After the preparation of PAN solution, the required 

amounts of AgNO3 were added to it to obtain different 

weight percentages of Ag in nanocomposite as described 

in Eq. (2). This mixture was further left under stirring  

for 24 h. 

  3

3

AgNO (g)

3
AgNO (g) PAN(g)

m
AgNO wt.% 100

m m
 


                (2) 

For electrospinning, PAN solution containing Ag 

nanoparticles was loaded in a 5 syringe with a stainless mL  

steel needle with 1 mm diameter attached to it. The syringe 

was attached to a syringe pump (KDS 200, KD Scientific 

Inc., MA) with the needle tip connected to a high voltage 

power supply (ES30P, Gamma High Voltage, FL).  

An aluminum sheet (20×20 cm) was used as a collector. 

The infusion rate was set to 1.5 mL/h. To optimize  

the conditions, the L9 orthogonal array of Taguchi 

experimental design approach with 4 factors each in  

3 levels were employed. The factors and respective level 

values are given in Table 1. Minitab 16 software was used 

for Taguchi design.  

 

Desulfurization tests 

To evaluate the desulfurization efficiency of the 

prepared composite nanofibers, the adsorption capacity 

was calculated as described in Eq. (3) 

 
 0

adsorbent

C C V
Adsorption capacity A.C

m

 
                       (3) 

Where the A.C. is the adsorption capacity of 

nanocomposite in mg S/g adsorbent, C0 and C are the 

initial and final concentration of sulfur in gas condensate 

in mg/L, V is the volume of specimen in L, and m depicts 

the mass of nanocomposite in g, as adsorbent. 

To optimize the effect of synthesis conditions of 

PAN/Ag nanofibers on adsorption desulfurization, each 

specimen was subjected to 5 mL of gas condensate 

containing 100 ppm sulfur. After 10 min stirring,  

the remained sulfur of each solution was measured  

by a Total sulfur analyzer (TS3000, Thermo).  

The Design Expert 7.0.0 software was used to optimize 

the operational conditions of desulfurization process. 

 

Characterization 

The morphology and the composition of PAN/Ag 

composite NFs were acquired by a field-emission scanning 

electron microscopy (FE-SEM MIRA3 FEG-SEM, 

Tescan, Czech) with an energy dispersive X-ray 

spectrometer (EDAX) (Genesis, XM2). The surface of the 

samples was coated with Au for 30 s prior to imaging. 

Transmittance electron microscope (TEM) photographs of 

the samples were examined by a Philips Tecnai F20 

(Oregon, USA). The crystalline phases and the crystal 

structures of prepared NFs were investigated by X-Ray 

diffraction (XRD) spectra over a 2θ range from 10˚ to 70˚ 

on Siemens D-500 Diffractometer using Cu Kα radiation 

(wavelength, λ=1.5406 ˚A). Fourier Transform Infrared 

Spectroscopy (FT-IR) of the samples was recorded  

on Bruker Optics TENSOR 27 spectrometer using  

KBr pellets. To measure the sulfur content of gas condensates, 

a total sulfur analyzer was employed. 

 

RESULTS AND DISCUSSION 

Optimization of synthesis conditions of PAN/Ag 

nanofibers 

Taguchi's experimental design approach was employed 

to optimize the synthesis conditions of PAN/Ag nanofibers. 

For this means, four factors including PAN wt%, AgNO3 wt%, 

applied voltage (in kV), and the distance of needle tip  

to the collector (in cm) were considered as variables each 

in three levels and the injection flowrate was set to  

1.5 mL/h. For a situation in which the large S/N ratio is 

better. The results are given in the last column in Table 1.  

As seen, a maximum adsorption capacity of  

33.3 (mg.S/g Abs.) was obtained in run number 6.  

On the other hand, based on the main effects of factors 

depicted in Fig. 1, the optimum values of factors are  

11 wt% PAN, 45 wt% AgNO3, 15 kV applied voltage,  

and 15 cm for the distance of the needle to the collector. 

For two factors, the weight percentage of PAN and 

working voltage, the effects of factors on nanofiber 

performance are curve-shaped and the optimum values are 

in the employed range. In the case of applied voltage,  

it is well-known that values higher than the threshold  
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Table 1: Experimental ranges and levels in Taguchi experimental design for synthesis of PAN/Ag composite fibers. 

Run number PAN (wt.%) AgNO3 (wt.%) Voltage (KV) Distance (cm) Adsorption capacity (mg S/g Abs.) 

1 9 25 10 15 13.1 

2 9 35 15 20 18.1 

3 9 45 20 25 12.6 

4 11 25 15 25 30.9 

5 11 35 20 25 25 

6 11 45 10 20 33.3 

7 13 25 20 20 12.5 

8 13 35 10 25 16.6 

9 13 45 15 15 32.3 

 

 

 

Fig. 1: Main effects plot for S/N ratios. 

 

voltage, charged jets ejected from Taylor Cone can occur 

but the high values of working voltage offer a greater 

probability of beads formation and result in non-uniform 

fibers. On the other hand, the low working voltage results 

in fibers with higher diameters and thus less active surface 

area [23,26].  

As a result, both in high and low voltages, the 

performances of fibers decreased. In the case of AgNO3 

wt%, an increasing trend was observed depicting its 

desired effect on sulfur removal. But due to the increase  

of two factors, PAN and AgNO3 weight percentages,  

the viscosity of the solution was enhanced which resulted 

in the thickening of the nanofibers. Also, the increase  

of AgNO3 wt% caused weak fiber formation. For the distance 

of the needle to the collector, a downward trend was observed. 

This factor had a direct effect on the flight time  of injected
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solution and thus on its drying time. This means that  

by increasing the distance, the fibers had more time  

to dry and vice versa; thus, 20 cm is sufficient enough  

to reach suitable fibers. It is respected that at low distances, 

such as 15 cm, the excess solution caused the conjugation 

of fibers in contacted regions and resulted in more 

strength-beaded fibers [23].  

 

Structural characterization of optimum PAN/Ag nanofiber 

Here some characterization techniques were employed 

to elucidate the structural features of the optimum sulfur 

adsorbent. As can be seen in Fig. 2, the SEM image  

of optimum PAN/Ag nanofibers shows uniform structures 

which piled up on each other, without beads-on-a-string 

morphology, owing to the good electrospinning ability  

of the core PAN solutions and the employed optimum 

conditions for electrospinning. The distribution of the 

nanofibers` diameters was also calculated from the SEM 

image and the results were depicted in Fig. 2 (b). As seen, 

the diameters of nanofibers were mainly in the the100-300 nm 

range. Moreover, the elemental analysis by EDX (Fig.2 (c)) 

represents the presence of C, N, O, and Ag atoms  

in the sample with 56.1 wt% and 12.9 atomic% from Ag 

indicating good loading of Ag nanoparticles into 

nanofibers. To have a better understanding of Ag 

distribution through the nanofibers, the elemental mapping 

of Ag was performed. As seen in Fig 2(c), the dotted image 

of mapping depicts the well-distribution of Ag in the 

texture of nanofibers, a situation that is necessary for 

reactive adsorption and removal of sulfur compounds from 

the solution. In addition, the TEM images of the PAN/Ag 

nanofibers show the distribution of black spots throughout 

the nanofibers with diameters less than 20 nm, which  

is attributed to the Ag nanoparticles. Moreover, the 

conjugation of nanofibers in some regions was also 

observed. This phenomenon increases the strength of 

nanofibers and boosts their application for membrane 

processes. As stated in 3.1, the distance of the needle  

to the collector is a critical factor in the drying process 

of electrospinning fibers, in which, under the defined 

conditions in this work the drying is not complete and thus 

causes the conjugation of fibers to each other to yield  

an entanglement network of PAN/Ag fibers.  

To further understand the phase formation and the 

crystallinity of the sample, the powder XRD analysis  

was performed. The pattern, represented in Fig. 3 (a), 

clearly shows the characteristic peak attributed to PAN  

at 2θ’s of 17. The peaks observed at 2θ’s of 38, 45, 65.5,  

and 78.5 were attributed to the Ag planes of (111), (200), 

(220), and (311), respectively; thus, the XRD pattern proves  

the successful formation of two phases in the nanocomposite.  

In-situ reduction of Ag+ ions in the presence of PAN 

by DMF as solvent and reductant was used to prepare 

PAN/Ag composite fibers [27–29], which follows  

a mechanism that involves the formation of carbamic acid. 

The color changed after the addition of Ag precursor  

to the PAN/DMF solution, from initially white to yellow 

then brown represented clearly the formation of Ag 

nanoparticles. Although the previous studies emphasized 

the formation of stable dispersion of Ag nanoparticles  

in the presence of 3-aminopropyltrimethoxysilane in this 

case, it is expected that the polymer network itself works 

as a stabilizer for the prepared nanoparticles. This opinion 

was further supported by TEM images as depicted  

in Fig. 2(e) and (f). Moreover, the carbamic acid 

decomposes somewhat to CO2 and dimethylamine.  

The formed amine could be reduced by the cyanide groups  

of the polymer chain. Thus it is necessary to explore  

the functional groups of PAN and PAN/Ag fibers. For this 

means, the FT-IR spectra of PAN fibers and PAN/Ag 

fibers were taken. The spectrum of PAN, Fig. 3(b), shows 

peaks located at 2240 and 1250 cm-1 which is attributed  

to the stretching vibrations of cyanide groups in PAN, 

however, their intensity was significantly reduced for 

PAN/Ag fibers (Fig. 3(c)), indicating the reduction  

in the number of cyanide groups in polymer chains [28]. 

On the other hand, the appearance of a peak at 1665 cm-1 

in PAN/Ag depicted the formation of C=N bonds. Also,  

a peak that appeared at 1100 cm-1 indicated the presence 

of C-N bonds related to dimethylamine in the matrix  

of the polymer. The wide peak around 2935 cm-1 is attributed 

to the stretching vibrations of C-H groups [30]. Therefore,  

the FT-IR spectra, as well as TEM images, approved  

the formation of Ag nanoparticles in the matrix of PAN. 

 

Optimization of operation conditions for desulfurization 

of natural gas condensate by PAN/Ag nanofibers 

After obtaining optimum PAN/Ag nanofibers and 

characterization of its structure, to reach optimum 

operating conditions for the removal of sulfur from natural 

gas condensates, a Central Composite Design (CCD) face 

center approach was employed. Four factors including  
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Fig. 2: (a) SEM image for PAN/Ag nanofiber, (b) Size distribution graph of the PAN/Ag nanofibers diameters, (c) EDX spectrum, 

(d) elemental mapping of Ag, and (e) and (f) TEM images of the PAN/Ag nanofibers. 

 

adsorbent weight, sulfur concentration in the natural gas 

condensate, the volume of the sample, and the adsorption 

time were considered effective factors each in three levels 

as depicted in Table 2.  

The conditions of each run and respective adsorption 

capacity are given in Table 3. The experiments have been 

carried out under similar environmental conditions, with 

relative humidity below 30% and a temperature of 25 ± 0.5 °C. 

As Table 4 represents the first step, an analysis of 

variance was carried out to evaluate the response of 

experiments. The ANOVA analysis shows that among the 

four studied variables, the more significant factors in order 

are concentration in gas condensate and weight of 

adsorbent due to their F-value, while the effect interaction 

variables are in the following order; time and concentration, 

volume, and concentration. The values of p are bigger  
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Table 2: Experimental factors and respective levels for optimization of sulfur removal from natural gas condensate  

using PAN/Ag fibers. 

Variable Factors Level 

Adsorption time (min) A 4 47 90 

volume of sample (mL) B 10 30 50 

Initial sulfur concentration (mg/Lit) C 100 450 800 

adsorbent weight (mg) D 10 20 30 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3: (a) XRD pattern for PAN/Ag nanofiber, FT-IR spectra for (b) PAN nanofibers, and (c) PAN/Ag nanofibers. 

 

than 0.05 indicate that the response does not affect by factor. 

The final equation model in terms of coded factors is: 

R= + 24.19 - 0.27A + 1.45B + 0.057C - 1.95D - 

0.0018AB + 0.00036AC + 0.015AD - 0.00096BC - 

0.049BD - 0.00046CD + 0.00057A2 + 0.0076B2 + 

0.000018C2 + 0.049D2 

The suggested second-order polynomial shows good 

convergence between actual and predicted results via its 

high correlation coefficient R2, which indicated the assumed 

model is reasonably well fitted with actual data.  

The experimental results are very little diverging from  

the predicted results as illustrated graphically in Fig. 4a.  

Furthermore, the plot of the residuals versus the predicted 

values shows no distinct increasing or decreasing pattern 

(Fig. 4b) so the obtained model describes the experimental 

results well. 

This polynomial model was used to construct  

the response surface to analyze the effect of the 

 different variables on the adsorption capacity of the 

nanofibers. 
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Table 3: The conditions of each Run and the respective adsorption capacity values. 

Run Time (min) 
Volume 

(mL) 
Sulfur concentration (mg/Lit) Adsorbent weight (mg) Adsorption capacity (mg S/g adsorbent) 

1 47 30 450 20 46.8 

2 4 30 450 20 36.5 

3 4 10 800 10 66.2 

4 47 50 450 20 56.5 

5 4 50 800 30 36.6 

6 47 30 100 20 29.2 

7 90 50 800 10 102.5 

8 90 50 100 10 65.5 

9 47 10 450 20 40.5 

10 4 50 100 30 27.8 

11 47 30 450 10 60 

12 47 30 450 20 46.2 

13 90 30 450 20 54.5 

14 47 30 450 20 43.5 

15 47 30 450 20 45.8 

16 47 30 450 30 40.8 

17 4 10 100 10 24 

18 90 10 800 30 93.5 

19 90 10 100 30 36 

20 47 30 800 20 66 

21 47 30 450 20 43.8 

 

Table 4: The ANOVA results for the response surface quadratic model. 

P value F value MS Df SS Source 

<0.0001 378.35 568.45 14 7958.26 Model 

<0.0001 85.19 128.00 1 128.00 A-time 

<0.0001 85.19 128.00 1 128.00 B-volume 

<0.0001 2211.94 3323.33 1 3323.33 C-concentration 

<0.0001 122.68 184.32 1 184.32 D-weight 

0.1580 2.60 3.91 1 3.91 AB 

<0.0001 157.43 236.53 1 236.53 AC 

0.0006 43.79 65.79 1 65.79 AD 

<0.0001 241.71 363.15 1 363.15 BC 

<0.0001 103.58 155.63 1 155.63 BD 

0.0098 13.84 20.80 1 20.80 CD 

0.2209 1.87 2.80 1 2.80 A2 

0.0073 15.79 23.72 1 23.72 B2 

0.0312 7.84 11.78 1 11.78 C2 

0.0007 41.60 62.50 1 62.50 D2 

_ _ 1.50 6 9.01 Residual 

0.9460 0.056 0.12 2 0.25 Lack of fit 

_ _ 2.19 4 8.77 Pure Error 

_ _ _ 20 7967.28 Total 
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Fig. 4: (a) The predicted vs experimental values, (b) the residuals vs predicted values obtained from RSM model. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5: 3D response surfaces of the adsorption capacity for (a) the adsorption time versus  concentration at a volume of 30 mL  

gas condensate and weight of 20 mg nanofiber, (b) the sample volume versus its concentration at an absorbate weight of 20 mg  

and adsorption time of 47 min. 

 

The relationship between the adsorption time and  

the sulfur concentration in the specimen, Figure 5a, shows 

that an increase in adsorption capacity is accomplished by 

a combination of high adsorption time and the 

concentration of sulfur compounds, meaning a good 

performance of adsorbent even at high concentrations  

of sulfur. The time-dependent nature of desulfurization  

by the developed nanofiber in this work implies its adsorptive 

nature of desulfurization. Based on Fig 5b, a gradual 

increase in adsorption capacity is also seen for an increase 

in the volume of specimen in the same concentration  

so that at the high concentrations and high volumes of the 

specimen, due to saturation of the surface of the adsorbent, 

the adsorption capacity reaches a plateau value.  

Due to the considerable performance of this nanofiber 

along with its network structure, the membrane-based 

removal of sulfur compounds from natural gas condensate 

via optimized PAN/Ag nanofiber is under investigation  

in our laboratory. 

 

CONCLUSIONS 

In summary, considering the adsorption capacity  

of sulfur compounds from natural gas condensate  

as an objective function, the optimization of synthesis 

conditions of PAN/Ag nanofiber composites was first 

performed in this work via Taguchi experimental design. 

The PAN/Ag nanofibers with 11 wt% PAN, 45 wt% 

AgNO3, 15 kV applied voltage, and 15 cm for a distance 

of needle to collector showed the highest adsorption 

capacity. In the second part of this work, the characterization 

of the optimized PAN/Ag nanofiber structure was elucidated 

by SEM, EDX, TEM, XRD, and FT-IR techniques.  

The characterization techniques affirmed the successful 

synthesis of PAN/Ag nanofibers with diameters in  
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100-300 nm range, with perfect distribution of Ag 

nanoparticles in a polymeric matrix. Moreover, the reduction 

nature of DMF as solvent and reductant was clarified  

from the comparison of the FT-IR spectrum of PAN and 

PAN/Ag. In the third part of this work, optimization of the 

adsorption capacity of PAN/Ag nanofiber in desulfurization 

of natural gas condensate in batch mode was performed via 

a central composite face center design. Four factors 

including adsorbent weight, sulfur concentration, the 

volume of sample, and adsorption time were considered 

effective factors each in three levels. The ANOVA analysis 

showed the more important factors that affected the 

adsorbent performance are the concentration of sulfur in gas 

condensate and the weight of the adsorbent. The interaction 

terms between time and concentration and between volume 

and concentration are also important in response. Moreover, 

the obtained polynomial model had the potential for 

prediction. The response surface analysis of interaction 

terms showed the adsorptive nature of desulfurization. 
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